Ethylene-forming enzyme (EFE) was isolated from apple (Malus domestica Borkh. cv Golden Delicious) fruit tissue. The enzyme activity in the homogenate is associated with the pellet fraction and can be solubilized with Triton X-100 or polyvinylpolypyrrolidone. The solubilized enzyme system resembles the in vivo system in that it exhibits a low Km (17 micromolar) for its substrate 1-aminocyclopropane-1-carboxylic acid (ACC), is stereospecific toward 2-ethyl-ACC stereoisomers for 1-butene production, and is inhibited by cobalt ions and a-aminoisobutyric acid. Intact preclimacteric fruits treated with exogenous ethylene showed a marked increase in in vivo EFE activity and this increase was accompanied by a parallel increase in in vitro EFE activity. These results support the notion that the isolated EFE represents the authentic in vivo activity.
In vivo studies indicate that EFE has a high affinity for ACC and displays stereospecificity toward stereoisomers of AEC from which 1-butene is produced (7, 11, 16) . Much work has been carried out in isolating the enzyme that catalyzes the oxidation of ACC to ethylene, and a number of cellfree, ethylene-forming systems have been described (for a review see ref. 18) . Although these systems are dependent on oxygen, except for intact protoplasts and vacuoles that possess native EFE properties (4), they lack high affinity for ACC and display no stereospecificity for AEC stereoisomers (11, 16) . Although progress on the isolation of cell-free EFE has been slow, important advances in the molecular biology of this ' This work was supported by grant DCM-9004129 from the National Science Fundation. J.C.F-M. was a recipient of a research fellowship awarded by Ministerio de Educaci6n y Ciencia, Spain. 2 Abbreviations: ACC, 1 -aminocyclopropane-1 -carboxylic acid; AEC, 1-amino-2-ethylcyclopropane-1 -carboxylic acid; AIB, a-aminoisobutyric acid; EFE, ethylene-forming enzyme; PVPP, polyvinylpolypyrrolidone.
enzyme have been made recently. Based on the observations that EFE activity in tomato fruit was greatly reduced with a pTOM 13 antisense gene, Hamilton et al. (6) suggested that the pTOM 13 gene product is related to EFE. Later work confirmed that pTOM 13 confers EFE activity when expressed in yeast (5) or Xenopus oocytes (15) . The deduced amino acid sequence of pTOM 13 shows homology with that of a flavanone-3-hydroxylase. Although Yang and Hoffman (18) suggested as early as 1984 that EFE may be an ACC hydroxylase, attempts to isolate and assay EFE as a hydroxylase have not been seriously pursued until recently. Ververidis and John (17) made the important discovery that authentic EFE activity from melon fruit can be fully recovered and demonstrated, when it was extracted and assayed under the conditions for flavanone-3-hydroxylase. In this work, using apple fruit tissue, we confirm that the cell-free EFE activity can be similarly extracted and assayed, and that it displays the properties characteristic of native EFE. Moreover, we also present physiological data illustrating that the increase in in vivo EFE in unripe apple fruit induced by ethylene treatment was accompanied by a concomitant increase in in vitro EFE activity.
MATERIALS AND METHODS

Plant Material
Apple (Malus domestica Borkh. cv Golden Delicious) fruits were harvested from a local orchard and each fruit was monitored for its ethylene production rate at 25°C. Intact preclimacteric fruits producing less than 0.1 nL g-' h-' were treated with 70 ,uL/L exogenous ethylene for various periods to promote the development of in vivo EFE activity (9) .
Enzyme Extraction
The extraction procedure was modified from the method of Britsch and Grisebach (3) for the extraction of flavanone-3-hydroxylase. Cortical tissue was frozen in liquid nitrogen and ground with a mortar and pestle in 2 mL g-' tissue of extraction medium containing 0.1 M Tris (pH 7.2), 10% (w/ v) glycerol, 30 mm sodium ascorbate, and 5% (w/v) PVPP. After the slurry melted, it was filtered through four layers of cheesecloth and centrifuged at 28,000g for 20 min. The supernatant (crude extract) was used for enzyme assays.
Enzyme Assays
Enzyme activity was assayed at 30°C in 2-mL reaction mixtures containing 1.7 mL extraction buffer (without PVPP), 50 ,lM FeSO4, 1 mm ACC, and 0.2 mL crude extract.
Ethylene produced in the head space of 1 5-mL capped tubes after 1 h incubation was determined by GC. For in vivo assays, apple fruit discs (9 mm in diameter and 5 mm in thickness, weighting 0.6-0.8 g) were first incubated with 10 mM ACC and 0.4 M mannitol for 1 h; the vials were then sealed and the ethylene produced during the following 1 h was measured.
RESULTS AND DISCUSSION
Using the extraction procedure and assay conditions similar to those reported by Ververidis and John (17), we confirmed that active EFE can be successfully recovered in the soluble fraction of a crude extract from ripe apple fruit, and that both Fe2' and ascorbate are required for activity. In vitro EFE activity was proportional to the amount of extract added and incubation time up to 2 h, and was inactivated by boiling and by storage at 2C for 5 h after the extraction (data not shown). Table I shows that PVPP is necessary for a good recovery of the activity and that this recovery is enhanced in the presence of ascorbate. While this work was in progress, D.R. Dilley informed us that they also had observed that PVPP was required to recover maximal EFE activity from apple fruit extracts (8) . Although PVPP is known to complex polyphenols that may interfere with the extraction of numerous active enzymes, an alternative function of PVPP has also been identified. In the extraction of ACC synthase from apple fruit, Yip et al. (19) showed that ACC synthase is associated with the pellet fraction and that it can be recovered in the soluble form with PVPP or Triton X-l00. Indeed, when PVPP or Triton X-100 was included in the extraction medium, the recovery of EFE activity was greatly improved (Table I) . To examine the role of PVPP, we prepared the apple homogenate in the absence of PVPP or Triton X-100, and the homogenate was fractionated into supernatant and pellet by centrifugation. Both fractions exhibit low EFE activity when assayed in the absence of PVPP, but the EFE activity in the pellet greatly increased when the pellet was resuspended in an extraction medium containing 5% PVPP or 0.1% Triton X-100 ( Table   Table I II). Clearly, the majority of EFE activity in apple homogenate was associated with the pellet fraction and could be solubilized by PVPP or Triton X-100. Because ACC synthase isolated from apple fruit is associated with all organelle fractions, Yip et al. (19) suggested that ACC synthase in apple fruit may be localized in the cytosol but loosely binds to particulate fractions during the cell disruption. It must be noted that EFE was extracted in a soluble form from melon fruit (17) and mung bean hypocotyls (our unpublished results) in the absence of PVPP or Triton X-100. At variance with the observations of Ververidis and John (17) for the melon EFE, we found that the exclusion of oxygen during the extraction did not significantly influence the recovery of in vitro activity from apple fruit tissue (Table I) . Two criteria often have been employed to distinguish authentic EFE activity from artifactual systems (11, 16) : the enzyme shows high affinity for its substrate, ACC, and it preferentially utilizes one of the four stereoisomers of AEC for the synthesis of the ethylene analog 1-butene (7) . The (Table III) . In apple discs, it has been shown that only (+)-allocoronamic acid is preferentially utilized as the producer of -butene (7). Our results are in agreement with others in which (±)-allocoronamic acid was reported to be 25 times better than (±)-coronamic acid as a substrate for 1-butene production with melon EFE (17) and 10 times better with apple extract (8) . AIB, a structural analog of ACC, has been shown to act as a competitive inhibitor of EFE in vivo (13) . We studied the kinetics ofAIB on ACC-dependent ethylene production using our apple enzyme preparation. AIB competitively inhibited the conversion of ACC to ethylene with a Ki value of 5.7 mM, which was more than 300 times the Km value for ACC (Fig.  1) . Thus, AIB is a weak competitive inhibitor of EFE in both in vitro and in vivo systems (14) . Cobalt ions are known to effectively inhibit ACC oxidation to ethylene in vivo (21) . In this in vitro system, Co2' also inhibited the conversion of ACC to ethylene; at 50 gM, the inhibition was 70%. Again, our results are similar to those reported by previous investigators (8, 17) . Preclimacteric fruits produce very little ethylene because of their low capability of synthesizing ACC (ACC synthase) and converting ACC to ethylene (EFE). However, when these unripe fruits are treated with exogenous ethylene for a short period, an increase in the tissue's capability to oxidize ACC to ethylene is observed without an increase in endogenous ethylene production or ACC synthesis (9) . To ascertain whether the in vitro EFE activity we isolated from apple fruit represents the authentic, physiological EFE, we treated preclimacteric apple fruits with ethylene for 0, 12, 24, or 48 h. Table IV shows that the EFE activity in vivo increased progressively with increasing duration of treatment and that this induction was accompanied by a parallel increase in extractable EFE activity. These data provide further evidence of the authenticity of the extracted enzyme.
The earlier investigations have lead to the conclusion that EFE is associated with integral membrane structure (4, 18) . However, recent work of Ververidis and John (17) and Kuai and Dilley (8) shows that EFE can be isolated in soluble form. Our present work is also in agreement with the view that EFE in the apple fruit is localized in the cytosol, but loosely binds to particulate fractions during the cell disruption ( 19) . These discrepancies can be reconciled by the interpretation that native EFE is localized in both the cytosol (major compartment) and membranous fractions (minor compartment). Because EFE requires both Fe2' and ascorbate as cofactors, its enzyme activity in the absence of exogenous Fe2' and ascorbate was not demonstrated in cytosol, but only in integral membrane structures, such as intact protoplasts and vacuoles (4) , where the membrane integrity maintains these cofactors at high concentrations near the EFE.
Although direct biochemical evidence is lacking, the requirement of EFE for Fe2' and ascorbate (17) suggests that EFE is a hydroxylase. This view is further supported by the observation that the gene encoding tomato EFE (5, 15) shows substantial homology with other known hydroxylases from plant sources (6, 10 
